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Fertilization, the union of sperm and egg to form a new organism, is a critical process that bridges generations. Although the cytological
and physiological aspects of fertilization are relatively well understood, little is known about the molecular interactions that occur between
gametes. C. elegans has emerged as a powerful system for the identification of genes that are necessary for fertilization. C. elegans spe-42
mutants are sterile, producing cytologically normal spermatozoa that fail to fertilize oocytes. Indeed, male mating behavior, sperm transfer to
hermaphrodites, sperm migration to the spermatheca, which is the site of fertilization and sperm competition are normal in spe-42 mutants.
spe-42 mutant sperm make direct contact with oocytes in the spermatheca, suggesting that SPE-42 plays a role during sperm–egg
interactions just prior to fertilization. No other obvious defects were observed in spe-42 mutant worms. Cloning and sequence analysis
revealed that SPE-42 is a novel predicted 7-pass integral membrane protein with homologs in many metazoan species, suggesting that its
mechanism of action could be conserved.
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Fertilization requires that gametes meet, recognize each
other, bind and fuse to form a new organism. Our current
understanding of sperm–egg interactions at the plasma
membrane is drawn chiefly from experiments using sea
urchins, mice and, more recently, C. elegans (reviewed in
Geldziler et al., 2004; Neill and Vacquier, 2004; Olds-
Clarke, 2003; Singson, 2001; Singson et al., 2001; Stein et
al., 2004; Vacquier, 1998). While it has long been known
that bindin is the sea urchin sperm plasma membrane ligand
(Vacquier and Moy, 1977), the cognate receptor on the
oocyte vitelline envelope, EBR1, was only recently discov-
ered (Kamei and Glabe, 2003). Many molecules have been
proposed as mouse sperm and egg ligands and receptors (He
et al., 2003; reviewed in Stein et al., 2004), but only the0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.07.020
* Corresponding author.
E-mail address: bioslh@biology.emory.edu (S.W. L’Hernault).tetraspanin CD9 on the egg (Kaji et al., 2000; Le Naour et
al., 2000; Miyado et al., 2000) and the Ig superfamily
member Izumo on the sperm (Inoue et al., 2005) have been
shown to disrupt sperm–egg fusion in mice with targeted
deletions in these loci.
The unusual reproductive biology of C. elegans makes it
an excellent model system for the study of sperm–egg
interactions during fertilization. The primary reproductive
mode of C. elegans hermaphrodites is self-fertilization, but
a hermaphrodite’s oocytes can also be fertilized by a male.
A simple yet powerful genetic screen has been used to
identify worms with sperm-specific mutations that affect
fertilization (L’Hernault, 1997). Spermatogenesis-defective
(Spe) hermaphrodites are self-sterile and lay only oocytes,
but their sterility defect can be rescued by a male’s wild type
sperm, which demonstrates that the Spe mutation affects
only sperm. Despite the unusual appearance of amoeboid C.
elegans spermatozoa, they must migrate to the site of
fertilization, recognize the oocyte in a species-specific
manner and fuse with it to form a zygote, which are tasks286 (2005) 169 – 181
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those of sea urchin and mice, do not have a thick
extracellular coat to which sperm must bind and penetrate
prior to reaching the oocyte plasma membrane. This
difference provides an advantage when screening for
mutations that affect interactions and signaling just prior
to sperm–egg fusion. Many promising mouse sperm surface
ligand candidates initially thought to interact with receptors
on the egg instead were found to function before the sperm
even reached the oocyte plasma membrane (He et al., 2003;
reviewed in Stein et al., 2004). Consequently, C. elegans
fertilization is simplified due to the lack of egg coats outside
the plasma membrane.
Several C. elegans mutants specifically affecting fertil-
ization have been identified using the screen described
above (reviewed in Geldziler et al., 2004; L’Hernault, 1997;
Singson, 2001). The first of these mutants to be cloned was
spe-9, which encodes a one-pass EGF repeat containing
integral membrane protein (Singson et al., 1998). The
presence of EGF repeats suggests that SPE-9 functions as a
ligand for an oocyte surface receptor, and this hypothesis
was strengthened when SPE-9 was shown to be a plasma
membrane protein localized to the sperm pseudopod
(Zannoni et al., 2003). It was recently shown that point
mutations in the EGF-like repeats or deletion of the
transmembrane domain of SPE-9 caused sterility, demon-
strating the importance of these domains for SPE-9 function
(Putiri et al., 2004). spe-41 (trp-3) encodes a transient
receptor potential cation channel, and TRP-3 mutant sperm
show defects in Ca++ influx (Xu and Sternberg, 2003). Ca++
influx is required for cell–cell fusion in other experimental
systems (e.g. Shainberg et al., 1969), and TRP-3 could be
facilitating cell:cell fusion during C. elegans fertilization.
The spe-38 gene encodes a novel four-pass integral
membrane protein which appears structurally similar to
CD9 in mice (Chatterjee et al., 2005).
In this work, we describe the phenotypic characterization
and molecular cloning of the C. elegans spe-42 gene. spe-
42 mutant worms, like other members of the spe-9 class,
produce spermatozoa that are wild type by all measurable
parameters yet are incapable of fertilizing oocytes. spe-42
encodes a novel sperm-specific predicted 7-pass trans-
membrane protein with homologs in many other animals,
including humans. Our results suggest a role for spe-42 in
sperm–egg binding, signal transduction or fusion during C.
elegans fertilization.Materials and methods
Worm culture and strains
Worm culture and genetic manipulations were performed
as described, and wild type was Bristol N2 (Brenner, 1974).
Growth temperature was 20-C unless stated otherwise. The
following genetic markers, deficiencies and balancer chro-mosomes were used: dpy-5(e61)I, dpy-11(e224)V sma-
1(e30)V unc-42(e270)V, unc-76(e911)V (Brenner, 1974);
him-5(e1490)V, him-8(e1489)IV (Hodgkin et al., 1979);
glo-1(zu391)X (J. Priess, personal communication; Artal-
Sanz et al., 2003); fem-1(hc17)IV (Nelson et al., 1978); fem-
3(q23gf)IV (Barton et al., 1987); fer-15(hc89ts)II (Roberts
and Ward, 1982); spe-8(hc53)I (L’Hernault et al., 1988);
nT1[unc-?(n754) let-? qIs50] (IV;V) (also called DnT1)
(Ferguson and Horvitz, 1985; F.H. Markussen and J.
Kimble, personal communication); nT1[qIs51] (IV;V) (Fer-
guson and Horvitz, 1985; K. Siegfried and J. Kimble,
personal communication); mIs10V (K. Liu and A. Fire,
personal communication); sDf35V (McKim et al., 1988);
stDf4V (Iwasaki et al., 1996); yDf12V (Hsu and Meyer,
1994). Hawaiian C. elegans isolate CB4856 (Hodgkin and
Doniach, 1997) was used for single nucleotide polymor-
phism (SNP) mapping. The spe-42(eb5) mutant was
generated using trimethylpsorlan (TMP), and the spe-
42(tn1231) mutant was generated using ethylmethanesulfo-
nate (EMS). Mutants were the generous gifts of D. Shakes
and K. Kemphues (spe-42(eb5)), D. Greenstein (spe-
42(tn1231)) and J. Kimble (fem-3(q23gf)).
Phenotypic analysis
Hermaphrodite self-progeny and ovulation counts were
done by placing single worms onto individual growth plates
and transferring them to new plates daily (20-C and 25-C)
or every 2 days (16-C) until the worms either stopped laying
or died. Restoration of spe-8(hc53)dpy-5(e61) self-fertility
(Shakes and Ward, 1989) was assayed by mating four or
five spe-42(eb5)/dpy-11(e224)spe-42(eb5), spe-42(tn1231),
fer-15(hc89ts)II;him-5(e1490)V or him-5(e1490) males to
each hermaphrodite and transferring mates to new plates
daily until the hermaphrodites either died or produced no
live progeny for 24 h. Mates with him-5(e1490) males were
counted for 3 days. Crosses resulting in no progeny were
deemed failed crosses and not included in the results. Two
spe-42(eb5)/dpy-11(e224)spe-42(eb5) males sired large
broods (275 and 242, respectively) at 20-C and, because
the males had likely undergone a recombination eliminating
the spe-42(eb5) allele, these broods were not included. Five
him-5(e1490) or spe-42(tn1231) L4 males were mated with
a single L4 dpy-5(e61) hermaphrodite to assess sperm
competition (Singson et al., 1999). Mating was allowed to
proceed for 20 h, and mates were then transferred to new
plates for an additional 24 h. Mates were removed and
progeny produced on the second plate were scored 2 days
later. Worm dissection, spermatid activation using the
protease Pronase and preparation of worms for electron
microscopy were performed as described (L’Hernault and
Roberts, 1995). Fluorescent sperm tracking using the dye
SYTO 17 (Molecular Probes) was performed as described
(Hill and L’Hernault, 2001) with the exception that we used
glo-1(zu391) (J. Priess, personal communication, Artal-Sanz
et al., 2003) as recipient hermaphrodites. glo-1(zu391)
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lack gut granules but are otherwise much healthier than the
daf-4(e1364) hermaphrodites used previously. Transgenic
rescue of spe-42(tn1231) mutants was assayed by individ-
ually plating hermaphrodites that had been raised at 25-C
and transfering worms to new plates every day until no live
progeny were seen for 24 h. Statistical analysis was
performed using SigmaStat statistical software version
2.03 (Systat Software, Inc., Point Richmond, CA). For the
total ovulation data, a two-way analysis of variance
(ANOVA) with completely randomized design was applied.
For the transgenic rescue data, a one-way ANOVA with
completely randomized design was applied. Tukey’s post-
tests were performed to assess the differences.
Molecular cloning and analysis of spe-42
Generally, molecular techniques not mentioned below
were performed as described previously (Sambrook and
Russell, 2001). The spe-42 locus was initially mapped to
LGV between dpy-11 and unc-76 (K. Obholz and S. W.
L’Hernault, unpublished) and later between unc-42 and
sma-1. Deficiency mapping placed spe-42 between the
breakpoints of sDf35 on the left and yDf12 on the right.
Single nucleotide polymorphism (SNP) mapping (Wicks et
al., 2001) using the Hawaiian C. elegans isolate CB4856
placed spe-42 on the physical map in an interval covered by
six cosmids that were obtained from A. Coulson (Sanger
Institute). Four of the six cosmids, B0240, F55A11, T04F3
and W05E10, were individually co-injected with the
plasmid pPD118.20 (myo-30GFP, 1997 Fire Lab Vector
Kit) into him-8(e1989)IV; mIs10V hermaphrodites by
standard methods (Mello and Fire, 1995; Mello et al.,
1991). Lines bearing simple repeat transgenic arrays were
obtained for all cosmids except W05E10, for which no
stable lines were recovered from 22 F1 GFP(+) worms.
Males from stable transgenic lines were crossed into either
spe-42(eb5) or spe-42(tn1231) hermaphrodites, and spe-42
homozygous hermaphrodites bearing each transgene were
assayed for rescue of the self-sterile phenotype at 25-C.
Three gel-purified restriction fragments from the cosmid
B0240, an approximately14 kb HindIII fragment and two
overlapping fragments within the HindIII fragment, HindIII/
XhoI (¨6 kb) and BstXI (¨5.4 kb) were individually co-
injected with pPD118.20 into him-8(e1989)IV; mIs10V
hermaphrodites as described above. Multiple independent
lines were obtained for both the HindIII and BstXI
fragments, but no stable HindIII/XhoI lines resulted from
picking 69 GFP(+) F1 worms. Genomic sequence in the
B0240.2 interval was amplified directly from wild type or
mutant worm genomic DNA as described (L’Hernault and
Arduengo, 1992), the PCR products were sequenced and the
mutations present in the spe-42(eb5 and tn1231) mutants
were determined.
Intron–exon structure was determined by amplification
of overlapping spe-42 cDNA segments using conventionalRT-PCR and the FirstChoice RLM-RACE kit (Ambion,
Austin, TX), sequencing and alignment to genomic
sequence. The FirstChoice RLM-RACE kit was also used
to amplify the 3V end of the C. briggsae cDNA to confirm
our prediction of the protein sequence. Subcellular local-
ization and membrane topology of SPE-42 were predicted
using hydropathy (Kyte and Doolittle, 1982) and the
PSORT II algorithm (Horton and Nakai, 1997). Protein
alignments were done using the MegAlign module of the
LaserGene package (DNAStar, Madison, WI). Northern blot
analysis was carried out as described (Church and Gilbert,
1984) using 20 Ag of total RNA from fem-3(q23gf)
hermaphrodites (Barton et al., 1987) that produce only
sperm at 25-C and fem-1(hc17) hermaphrodites (Doniach
and Hodgkin, 1984) that produce only oocytes at 25-C. The
blot was probed with a 992 bp spe-42 cDNA probe made by
RTPCR using oligonucleotides TK252: AAGAAATGA-
TGTGGAAGGGAATGTAATGGATAAAG and TK258:
CAAGCATACACATAAAGAAAGGAGTGAC. The blot
was then stripped and reprobed with a 275 bp rpa-1 cDNA
probe (Spieth et al., 1991) made by RTPCR using
oligonucleotides TK287: CGTCTACGCTGCTCTCATC-
CTTCA and TK288: ATTCCTCCTTTGGCTCCTC-
CTTCTTCTT as a loading control. Ethidium bromide
staining of the gel before transfer also showed that the
lanes were equally loaded (data not shown).
Fluorescence microscopy
Mutant males were picked to growth plates with no
hermaphrodites and aged 1–2 days at 25-C to allow
accumulation of spermatids. Worms were dissected in 1
sperm medium containing 0.18% dextrose and 100 mM
triethanolamine on Colorfrost Plus slides (Fisher, Pittsburgh,
PA). Dissections were freeze/cracked and methanol fixed as
described (Miller and Shakes, 1995). Dissections were
incubated overnight at 4-C with primary antibody (1:500
dilution for rabbit polyclonal SPE-9EX affinity purified,
1:100 for rabbit polyclonal SPE-38, or 1 Ag/ml for rabbit
polyclonal SPE-41 (TRP-3) and 1:2000 for mouse mono-
clonal 1CB4). Dissections were incubated for 2 h at room
temperature with Texas Red-conjugated goat anti-mouse
secondary antibody (Jackson Immunoresearch, West Grove,
PA) for 1CB4 detection and either a FITC-conjugated
secondary antibody at 1:500 dilution (Jackson) for SPE-38
and SPE-41 (TRP-3) or goat anti-rabbit-HRP antibody
included in the AlexaFluor 488 Tyramide Signal Amplifi-
cation (TSA) kit (Molecular Probes, Eugene, OR) at 1:100
dilution for SPE-9EX. Secondary antibody incubation was
followed by 5 min of TSA amplification only for SPE-9EX.
Slides were mounted with Prolong Gold Antifade with
DAPI (Molecular Probes, Eugene, OR). Images were
collected on an Olympus BX60 microscope (Olympus,
Melville, NY) using Image-Pro PLUS (Media Cybernetics,
Silver Spring, MD) and VolumeScan 3.1 (VayTek, Inc.,
Fairfield, IA) software. Image editing was performed using
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Canvas 9.0 (ACD Systems of America, Inc., Miami, FL).
Accession numbers
GI accession numbers for spe-42 homologs described in
this paper are: H. sapiens (16553227 and 22749029), M.
musculus (51708202 and 51708203), D. melanogaster
(23092658 and 45552833), A. gambiae (58387241) and
C. briggsae (39592088). Pfam accession number for
dendritic cell-specific transmembrane protein (DC-STAMP)
is PF07782.Results
Spermatogenesis-defective (Spe) worms are self-sterile
hermaphrodites that lay unfertilized oocytes but can produce
cross progeny after mating to wild type males. ManyFig. 1. spe-42 mutant spermatozoa are unable to fertilize oocytes, but other aspects
largely self-sterile (A), they continue to ovulate at a high rate (B), which is a charac
wild type N2 and spe-42(eb5) at 16-C are not statistically different. (C) spe-42 m
spermatids into motile spermatozoa capable of fertilization. (D) Spermatozoa
hermaphrodite-derived spermatozoa. Mating to spe-42(tn1231) mutant males red
progeny are produced. Mating to him-5(e1490) males results in almost exclusively
panels A, B and D, n was between 19 and 24. For all graphs, error bars are TSEmutants selected by this criterion exhibit specific defects in
spermatogenesis but have otherwise normal development
(reviewed by L’Hernault, 1997; Singson, 2001). We are
interested in identifying Spe mutants that specifically affect
sperm–egg interaction, fusion or associated signaling events
during C. elegans fertilization. To this end, we examined
uncharacterized mutants in our collection and selected spe-
42 for further study because it has the characteristics of a
late-acting spe mutant.
spe-42 mutants are sterile but ovulation, male mating and
sperm competition are normal
spe-42(eb5) and spe-42(tn1231) are both recessive
mutants. Hermaphrodites bearing either mutation are self-
sterile at 25-C, and spe-42(tn1231) is also self-sterile at
20-C and 16-C (Fig. 1A). spe-42(eb5) produces broods at
16-C and 20-C that are 3.4% and 2.6% of wild type,
respectively (Fig. 1A), and can be maintained as aof reproductive biology are functional. Although spe-42 hermaphrodites are
teristic of late acting Spe mutants. Asterisks denote that brood sizes between
utant males mate normally, and their seminal fluid is competent to activate
from spe-42(tn1231) mutant males can successfully compete against
uced self-broods of dpy-5 hermaphrodites even though almost no outcross
outcross progeny as expected when using fertilization-competent sperm. For
M.
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not statistically different than wild type ovulation levels at
16-C (P  0.05; Fig. 1B). Total ovulations for spe-42(eb5)
at 20-C and 25-C and spe-42(tn1231) at all temperatures,
although statistically different from wild type, are well
above those observed for spe-4(hc78) and spe-5(hc93), two
mutants that ovulate at a basal level because they fail to
produce mature spermatozoa (L’Hernault et al., 1988).
Within each genotype, total ovulations between each
temperature pair were also statistically different, except for
the 16-C and 20-C pair for wild type N2 and the same pair
for spe-42(eb5). As expected, the lowest number of
ovulations for each mutant was at 25-C as we (L’Hernault
et al., 1988) and others (Hirsh et al., 1976) have shown is
the case for wild type.
A sensitive mating assay was used to determine seminal
fluid competence (Singson et al., 1999). Wild type
hermaphrodites make spermatids during the L4 larval stage
when the bipotential gonads are testes and store them in
structures called the spermathecae (McCarter et al., 1999;
Schedl, 1997; Ward and Carrel, 1979) where they mature
into motile spermatozoa (L’Hernault, 1997). As the her-
maphrodite becomes an adult, the gonads become ovaries
and produce oocytes. Oocytes are fertilized by waiting
spermatozoa as they pass through the spermathecae. Each
passing oocyte pushes many spermatozoa into the uterus,
and they must then crawl back into the spermatheca to await
the next oocyte (L’Hernault, 1997; Ward and Carrel, 1979).
spe-8 dpy-5 mutant hermaphrodites are self-sterile because
their spermatids never activate into spermatozoa and cannot
crawl back into the spermatheca after being pushed out by
passing oocytes (Shakes and Ward, 1989). However, spe-8
dpy-5 spermatids can activate into spermatozoa if they are
exposed to an unknown male seminal fluid component that
is introduced into a hermaphrodite during copulation.
Resulting spermatozoa are fully functional so self-fertility
is restored (Shakes and Ward, 1989). Outcross versus self-
progeny can be determined by virtue of the linked dpy-5
morphological marker. spe-42(eb5) males are able to restore
self-fertility to spe-8 dpy-5 hermaphrodites while siring a
minimal number of outcross progeny at 25-C (Fig. 1C).
Variation in the number of Dpy self-progeny produced in
this assay is high because of an unavoidable jackpot effect.
If mating does not occur soon after ovulation begins, most
of the spe-8 dpy-5 self-spermatids are quickly swept from
the spermatheca and lost. In addition, the amount of seminal
fluid and sperm transferred in a particular copulatory event
is highly variable (Singson et al., 1999).
Following transfer of sperm from a wild type male to a
hermaphrodite, the male-derived sperm out-compete the
hermaphrodite-derived sperm, resulting in exclusively out-
cross progeny (LaMunyon and Ward, 1995, 1998; Singson
et al., 1999; Ward and Carrel, 1979). Sperm competition has
been shown to occur even when sperm are not competent to
participate in fertilization (Singson et al., 1999). To test
whether spermatozoa from spe-42(tn1231) males cancompete with wild type spermatozoa, spe-42(tn1231) males
were mated with dpy-5 hermaphrodites (Fig. 1D). spe-
42(tn1231) spermatozoa competed successfully with the
dpy-5 self-spermatozoa, reducing the number of Dpy self-
progeny compared to unmated controls. Sperm competition
occurred in the near-complete absence of fertilization as
only one non-Dpy outcross progeny was produced from all
18 mates. Unfertilized endomitotic oocytes were observed
among the eggs and larvae on the growth plates, with
comparatively more oocytes seen on plates where fewer live
progeny were produced. In contrast, predominantly outcross
progeny were produced when him-5(e1490) males were
mated to dpy-5 hermaphrodites, suggesting that depression
of Dpy self-progeny was due to competition from fertiliza-
tion-defective sperm inseminated by spe-42(tn1231) males.
Sperm competition occurs in the spermatheca, the site where
sperm and oocytes meet and fertilization takes place (Ward
and Carrel, 1979), and is the last parameter of spermatozoa
that can be assayed prior to fertilization.
spe-42 mutant sperm are morphologically indistinguishable
from wild type sperm
Spermatozoa from spe-42 mutant males and hermaphro-
dites were examined and found to have no obvious visual
defects compared to spermatozoa from wild type worms
(Fig. 2). Gonads were dissected from live spe-42(eb5) adult
hermaphrodites and found to have wild type morphology
(Fig. 2A). Activated, motile spermatozoa were observed in
contact with a passing oocyte in the spermatheca (Figs. 2A
and B), and unfertilized oocytes were visible in the uterus.
Several oocytes had been laid on the growth plate by the
time the worm was dissected, showing that the spermatozoa
are able to maintain their position at the site of fertilization
despite being continually swept out of the spermatheca by
many passing oocytes. DAPI staining showed that spe-
42(eb5) spermatozoa each have one compact nucleus (Figs.
2C and D) as seen in wild type spermatozoa (data not
shown). Dissection of a spe-42(tn1231) male that had been
aged for 2 days in the absence of hermaphrodites releases
thousands of sessile round spermatids (Fig. 2E). Incubation
of these male-derived spermatids in medium containing the
protease Pronase causes them to activate into mature, motile
spermatozoa (Fig. 2F) that are morphologically identical to
wild type (Fig. 2G). Equivalent results for spe-42(eb5) and
spe-42(tn1231) were observed.
Activation of male-derived spe-42(tn1231) spermatids
into spermatozoa in vivo was observed by transmission
electron microscopy after mating spe-42(tn1231) males to
fem-1(hc17) hermaphrodites, which produce no sperm
when grown at 25-C (Doniach and Hodgkin, 1984). Two
active, crawling spe-42(tn1231) spermatozoa were seen in
the spermatheca (Fig. 3), one with its extended pseudopod
in direct contact with an oocyte plasma membrane and
another with its pseudopod in contact with the spermathecal
wall.
Fig. 2. Spermatozoa from spe-42 mutant worms are morphologically indistinguishable from wild type. Nomarski DIC (A and B) and DAPI staining (C and D)
of a gonad dissected from a spe-42(eb5) hermaphrodite. (A) An oocyte (o) is seen entering the spermatheca (st) which is filled with spermatozoa. An
unfertilized oocyte (ufo) is visible in the uterus. (B) Higher magnification of the spermatheca shown in panel A. Arrow points to the pseudopod of an actively
crawling spermatozoon. (C and D) DAPI staining confirms that spermatozoa (sz) have single compact nuclei, as seen in wild type (data not shown). Reduced
DAPI fluorescence of meiotic figures within oocytes in panels C and D resulted because the spermatozoa and oocyte nuclei were in different focal planes. (E) A
spe-42(tn1231) male that had been aged for 2 days was dissected, revealing thousands of spermatozoa. The dissected gonad (g) is still attached to the carcass at
the left. (F and G) Higher magnification of spe-42(tn1231) (F) and wild type (G) spermatozoa activated with Pronase. Arrows point to the pseudopods of
actively crawling spermatozoa. Each panel shows one spe-42 mutant and, while equivalent images were obtained for the other mutant, they are not shown.
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fertilization in the hermaphrodite reproductive tract
The extent to which an entire population of spermato-
zoa transferred during mating is able to crawl through the
uterus to the site of fertilization was addressed using a
sperm-tracking assay (Hill and L’Hernault, 2001). spe-
42(tn1231) mutant males were soaked in the fluorescent
dye SYTO 17, which stains sperm mitochondria, and then
mated to glo-1(zu391) hermaphrodites (J. Priess, personal
communication, Artal-Sanz et al., 2003). glo-1(zu391)
worms have low autofluorescence because they lack gut
granules but are otherwise wild type. Following mating,
many red fluorescent sperm were observed in the
spermathecae of the glo-1(zu391) hermaphrodites (Fig.
4), indicating that the mutant sperm had successfully
crawled through the uterus and competed for space in the
spermathecae with the wild type hermaphrodite-derived
sperm.spe-42 encodes a predicted 7-pass transmembrane protein
expressed only in male germ cells
spe-42 was mapped between unc-42 (2.17) and sma-1
(3.52) by a three-point cross (Fig. 5A). The spe-42 self-
sterile phenotype was complemented when placed in trans
to several deficiencies in the region including sDf35, stDf4
and yDf12. No deficiency that failed to complement spe-42
was identified. Single nucleotide polymorphism (SNP)
mapping (Wicks et al., 2001) placed spe-42 between SNP
F46F3/28165 on the left and SNP D2023/2486 on the right
(Fig. 5A). Transgenic worm lines bearing three of the six
cosmids in this interval, B0240, F55A11 and T04F3 were
made by microinjection (Mello and Fire, 1995), and only
cosmid B0240 rescued the spe-42 self-sterile phenotype. A
HindIII fragment of B0240 and a BstXI fragment within the
HindIII fragment also rescued spe-42 self-sterility (Figs. 5A
and B). The B0240 BstXI fragment contained the complete
open reading frame for only one predicted gene, B0240.2
Fig. 4. spe-42(tn1231) male spermatozoa can migrate to and hold their
position within the spermatheca, the site of fertilization. Nomarski DIC (A)
and fluorescent (B) images of a spermatheca of a glo-1(zu391) hermaph-
rodite. The hermaphrodite was previously mated to spe-42(tn1231) males
that had been soaked in the red fluorescent dye SYTO 17 that stains the
mitochondria of sperm. Red sperm can be seen within the spermatheca (st).
Two oocytes (o) wait to enter the spermatheca, and an embryo (e) is visible
in the uterus. Since glo-1(zu391) hermaphrodites are fertile, the embryo
likely resulted from self-fertilization prior to self-fertility suppression by
spe-42 spermatozoa.
Fig. 3. Electron micrograph of two spe-42(tn1231) male-derived sperm
(cb1 and 2) in the spermatheca of a fem-1(hc17) hermaphrodite shows that
these sperm are morphologically identical to wild type sperm. The
pseudopod (p) extending from cell body 1 (cb1) is in direct contact with
the plasma membrane of a passing oocyte (o; see arrows in pseudopod), and
the pseudopod extending from cb2 is in contact with the somatic gonad (sg;
see arrows in pseudopod).
T.L. Kroft et al. / Developmental Biology 286 (2005) 169–181 175(Fig. 5A). Transgenic worms bearing full-length cosmid
B0240 produced broods that were not statistically different
from wild type at 25-C (Fig. 5B). Although worms bearing
the BstXI transgene produced broods that were statistically
different from wild type, broods were 72% the size of wild
type. In contrast, nontransgenic spe-42(tn1231) control
worms produced no progeny.
B0240.2/spe-42 was amplified by conventional RT-PCR
and RLM-RACE RT-PCR (Ambion, Austin, TX). The 2553
bp spe-42 cDNA is encoded by 15 exons spanning 3464 bp
of genomic DNA (Fig. 6A; for sequence, see Supplemental
Fig. 1). Genomic DNA from wild type worms and from
worms homozygous for each spe-42 allele was sequenced.
The eb5 mutation is a G-to-A transition that converts the
codon for Trp487 (UGG) to an opal stop codon (UGA),
presumably resulting in a truncated protein and nonsense
mediated decay of the transcript (Hodgkin et al., 1989;
Pulak and Anderson, 1993). spe-42(eb5) hermaphrodites
produce a small number of progeny at 16-C and 20-C,
suggesting that some read through of the premature stop
codon may be occurring. The tn1231 mutation is a G-to-A
transition changing the splice donor sequence following
exon 12 from GT to AT. If intron 12 is not spliced out, the
eleventh in-frame codon following exon 12 will be an opal
stop codon (UGA). There are no other GT dinucleotides
before the stop codon, so the tn1231 lesion is also likely to
result in a truncated protein.
A Northern blot loaded with total RNA from fem-
3(q23gf) hermaphrodites that produce only sperm (Barton et
al., 1987) and fem-1(hc17) hermaphrodites that produce
only oocytes (Doniach and Hodgkin, 1984) was probed with
a spe-42 cDNA probe (Fig. 6C). A band of approximately2500 base pairs was detected only in the fem-3(q23gf) lane
indicating that spe-42 is expressed solely in male germ cells.
This result is consistent with the hypothesis that spe-42
functions in sperm–egg binding, fusion or signaling.
SPE-42 is predicted to be a 774 amino acid protein
(Supplemental Fig. 1). SPE-42 was analyzed by hydropathy
(Kyte and Doolittle, 1982) and the Psort II algorithm
(Horton and Nakai, 1997) and is predicted to be a 7-pass
integral membrane protein with the N-terminus facing the
cytoplasm and the C-terminus facing the extracellular space
(Fig. 6B).
A BLAST search (Altschul et al., 1990) identified SPE-42
homologs in many metazoans including worms, insects and
humans (Table 1 and Fig. 7). These homologs share
significant amino acid identity and similarity to SPE-42
over their entire length (Table 1) despite the fact that the
sequences for all homologs except those from human are
based on predictions that are not supported by cDNAs and so
are likely to be incomplete or to contain errors. SPE-42 and
the C. briggsae homolog are highly conserved (85% identity,
93% similarity), and protein length is the same (Fig. 7).
There is striking sequence divergence at their C-terminal
ends, however, as the last 29 amino acids of SPE-42 and the
C. briggsae homolog are only 13.8% identical and 37%
similar. The 3V end of the C. briggsae homolog was
amplified by 3V RACE and sequenced to confirm the
predicted protein sequence. The rest of the C. briggsae
protein sequence is almost identical to the C. elegans
homolog, so confirmation of the intron–exon boundaries
was unnecessary. There are SPE-42 homologs in all species
that are predicted to be multi-pass integral membrane
proteins by PSORT II (Horton and Nakai, 1997), although
the number of transmembrane domains and predicted protein
topology varies (data not shown). Our results suggest the last
exon of SPE-42 underwent much more rapid change than the
rest of the molecule during speciation of C. elegans and C.
briggsae, which are predicted to share a common ancestor
100 million years ago (Stein et al., 2003).
Fig. 5. Molecular cloning of spe-42 and transgenic rescue. (A) Genetic and physical maps of the spe-42 region of chromosome V. Deficiencies sDf35, stDf4
and yDf12 all complemented spe-42, and three-point cross data placed spe-42 between unc-42 and sma-1. SNP-mapping placed spe-42 between SNP F46F3/
28165 on the left and SNP D2023/2486 on the right. Only cosmid B0240 rescued the spe-42 self-sterile phenotype when used to make a transgenic worm line.
A HindIII fragment within B0240 also rescued spe-42 as does a BstXI fragment containing predicted gene B0240.2. (B) Live progeny produced at 25-C by
hermaphrodites of the indicated genotypes. spe-42(tn1231) hermaphrodites transgenic for full length cosmid (B0240) produce broods that are not statistically
different from wild type (denoted by asterisks) and spe-42(tn1231) hemaphrodites transgenic for a BstXI fragment of this cosmid also produce a large brood
although it is statistically different from wild type. Nontransgenic spe-42(tn1231) hemaphrodites produced no progeny in this assay. For panel B, n was
between 23 and 26.
T.L. Kroft et al. / Developmental Biology 286 (2005) 169–181176Localization of other SPE-9 class proteins is unaffected in
spe-42 mutant sperm
If SPE-42 functions upstream in the same pathway as
other SPE-9 class proteins, lack of functional SPE-42 could
adversely affect expression or function of any downstream
proteins. Unfortunately, classical epistasis analysis of theFig. 6. Genomic structure, expression pattern and predicted topology of SPE-42
boxes). The genomic interval spans 3464 bp (solid line) including 5V and 3V untra
positions of the eb5 and tn1231 mutations are indicated. (B) SPE-42 protein topolo
predicted to be cytoplasmic, and the C-terminus is predicted to be extracellular. (C
male germ cells) and fem-1(hc17) (only female germ cells) hermaphrodites was pr
was detected in the fem-3 but not the fem-1 lane showing that spe-42 is expressed e
1 to show both lanes had similar amounts of total RNA (bottom panel).spe-9 class mutants is not possible because they cause
indistinguishable phenotypes. We stained spe-42(tn1231)
mutant spermatids or spermatozoa with antibodies to the
three SPE-9 class proteins for which antisera have been
described, SPE-9 (Zannoni et al., 2003), SPE-38 (Chatterjee
et al., 2005) and SPE-41 (TRP-3) (Xu and Sternberg, 2003)
to determine whether their expression or localization is. (A) spe-42 is encoded a 2553 bp cDNA composed of 15 exons (shaded
nslated sequence (thicker solid line before exon 1 and after exon 15). The
gy predicted by hydropathy and the PSORT II algorithm. The N-terminus is
) A differential Northern blot loaded with total RNA from fem-3(q23) (only
obed with a 992 bp spe-42 cDNA probe. An approximately 2500 base band
xclusively in male germ cells. The blot was stripped and reprobed with rpa-
Table 1
Comparison of SPE-42 amino acid sequence to homologs from other
organisms
Species Percent
identity
full length
Percent
similarity
full length
Percent
identity best
homologya
Percent
similarity best
homologya
C. briggsae 85 93 85 93
A. gambiae 20 40 22 39
D. melanogaster 23 39 27 48
M. musculus 18 37 22 43
H. Sapiens 20 41 25 45
a Best homology refers to sequence that aligns to C. elegans amino acids
422–657 in Fig. 7.
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42(tn1231) (Figs. 8B and D) and him-8(e1489) control
(Figs. 8F and H) activated spermatozoa, identical to the
previously reported expression pattern (Zannoni et al.,
2003). SPE-38 staining partially overlaps staining by
monoclonal antibody 1CB4 (Arduengo et al., 1998;
Okamoto and Thomson, 1985) staining in both spe-
42(tn1231) (Figs. 8J–L) and him-8(e1489) control (Figs.
8N–P) activated spermatozoa, identical to the previously
reported staining pattern for methanol fixed, permeabilized
cells (Chatterjee et al., 2005). Monoclonal antibody 1CB4
stains an unknown antigen within Golgi-derived secretory
lysosome-like vesicles called membranous organelles
(MOs) that are specific to nematode sperm (Arduengo et
al., 1998; reviewed in L’Hernault, 1997). SPE-41 (TRP-3)
staining also partially overlaps 1CB4 staining in both spe-Fig. 7. Alignment of C. elegans, C. briggsae and H. sapiens SPE-42 homologs. S
and amino acids identical among all three species are colored red. Other identical
Lines above the sequence indicate the predicted transmembrane domains for C. e42(tn1231) (Figs. 8R–T) and him-5(e1490) control (Figs.
8V–X) round spermatids, consistent with previously
reported localization (Xu and Sternberg, 2003). Our
immumofluorescence results show that neither expression
nor localization of SPE-9, SPE-38 and SPE-41 (TRP-3) is
obviously affected in spe-42(tn1231) mutant sperm.Discussion
spe-42 is required for sperm to fertilize oocytes and
functions at the site of fertilization
spe-42 joins a group of C. elegans fertilization-defective
mutants collectively known as the spe-9 class, named after
the first such mutant to be cloned (Singson et al., 1998). We
have shown that spe-42 mutant hermaphrodites are self-
sterile, despite producing normal numbers of oocytes.
Spermatozoa produced by spe-42 mutant hermaphrodites
are morphologically indistinguishable from wild type and
make direct contact with oocytes in the spermatheca, the site
of fertilization, yet fail to fertilize oocytes. spe-42 mutant
males exhibit wild type mating behavior and transfer
sufficient quantities of seminal fluid during mating to
activate spe-8 dpy-5 self-spermatids into spermatozoa while
siring few outcross progeny. spe-42 mutant male spermatids
can be activated into motile spermatozoa in vitro in media
containing the protease Pronase. These mutant spermatozoa
also activate normally, migrate to the spermatheca in largeequences where C. elegans and C. briggsae are identical are colored black,
amino acids are colored green, and similar amino acids are colored yellow.
legans SPE-42.
Fig. 8. Expression and localization of SPE-9, SPE-38 and SPE-41 (TRP-3) are normal in spe-42 mutant male germ cells. For each horizontal row, the first
column is a DIC image merged with the corresponding DAPI image (blue), the second column shows staining with an antibody specific to one of the SPE-9
class mutants in green, the third column shows staining in red with monoclonal antibody 1CB4, which localizes to membranous organelles (MOs), and the
fourth column is a merge of SPE-9 class, 1CB4 and DAPI staining. Arrows point to extended pseudopods of activated spermatozoa (A–P). SPE-9 staining
localizes to the pseudopods of activated spermatozoa in spe-42(tn1231) mutants (A–D) and him-8(e1489) controls (E–H), while 1CB4 staining of MOs is
restricted to the cell bodies. SPE-38 staining partially overlaps with 1CB4 staining of MOs in activated spermatozoa from both spe-42(tn1231) mutants (I–L)
and him-8(e1489) controls (M–P). SPE-41 (TRP-3) staining of spe-42(tn1231) (Q–T) and him-5(e1490) control (U–X) spermatids also partially overlaps
with 1CB4 MO staining. Scale bar in panel A is applicable to all panels.
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contact with oocytes following transfer to a hermaphrodite
by a spe-42 male, yet they are fertilization-defective. A
sperm competition assay shows that male spe-42(tn1231)
mutant sperm can suppress hermaphrodite self-fertility even
though they are fertilization incompetent. Sperm competi-
tion is the last sperm-related parameter we can measure in
vivo prior to fertilization, and spe-42 mutant spermatozoaare wild type, just like all other spe-9 class mutants tested to
date (Chatterjee et al., 2005; Singson et al., 1998, 1999; Xu
and Sternberg, 2003).
PSORT II predicts that SPE-42 is a 7-pass integral
membrane protein with a cytoplasmic N-terminal tail and an
extracellular C-terminal tail (Horton and Nakai, 1997). A
Pfam search found a dendritic cell-specific transmembrane
protein (DC STAMP) domain (Hartgers et al., 2000) within
T.L. Kroft et al. / Developmental Biology 286 (2005) 169–181 179SPE-42. All SPE-42 homologs described here also have DC
STAMP domains. The canonical DC STAMP protein is
essential for osteoclast precursor cell fusion (Kukita et al.,
2004), although the function of this Pfam domain is not
known. Possible processes in which SPE-42 may participate
include sperm–egg species-specific recognition, binding,
protein complex recruitment on the plasma membrane,
signal transduction and membrane fusion. An interesting
feature of the predicted structure is a large, complex
extracellular loop extending from amino acid 156–401 that
could be the mediator of the molecule’s extracellular
function(s) (Fig. 6B).
Our long term goal is to define the pathway(s) that
function during C. elegans fertilization. Although all spe-9
class genes presumably function in one or more pathways
leading to fertilization, classical epistasis analysis cannot be
used to define genetic relationships between mutants in the
spe-9 members because they share a common phenotype.
We demonstrated that expression and localization of SPE-9,
SPE-38 and SPE-41 (TRP-3) (the only SPE-9 class
members for which antibodies are available) are unaffected
in spe-42(tn1231) mutant sperm (Fig. 8). These results
suggest that SPE-42 is not directly involved in regulating
expression or subcellular trafficking of these proteins. Our
results do not exclude the possibility that SPE-42 interacts
with one or several SPE-9 class members in a way unrelated
to the mechanisms required for expression and correct
localization. For example, SPE-42 may be part of a protein
complex together with other SPE-9 class members on the
sperm plasma membrane that interacts with the egg plasma
membrane or it could be part of a signaling cascade required
for fertilization. We plan to make antisera to SPE-42 to see
whether expression or localization of this protein is changed
in other spe-9 class mutants.
SPE-42 is a member of a conserved family of
transmembrane proteins
Homologs of SPE-42 are found in many metazoans as
described above (Table 1), and we found two homologs in
each of these species (data not shown). SPE-42 and its
homolog within C. elegans are less similar to each other
than SPE-42 is to homologs between species, and the same
was true for the two homologs within C. briggsae (not
shown). The two homologs within mouse and human share
much greater similarity to their same-species counterpart
than either does to SPE-42. The homologous pairs within
C. elegans and C. briggsae are on the same chromosome
but are distant from each other, while the homologous
pairs within both mouse and human are immediately
adjacent to each other in a head-to-head orientation on
chromosome 3 (mouse) and 1 (human), suggesting that
they arose by tandem duplication in the recent past. The
relatively strong similarity between SPE-42 and its
homologs over the entire length of the molecules suggests
that they too might play a role during fertilization.Identity between the C. elegans and C. briggsae SPE-42
homologs is 85% and similarity is 93% over their entire
length except for the C-terminal 29 amino acids, where
identity is only 13.8% and similarity is 37.9%. This region
corresponds exactly with the last exon of each gene. This
sharp drop in identity and similarity in an otherwise highly
conserved molecule suggests two possibilities. First, the
SPE-42 homologs may have the same biochemical function
but the C-terminal end of each protein interacts with another
protein(s) on either the sperm or egg surface that has
diverged between C. elegans and C. briggsae. Second, the
extracellular domain C-terminal to the last transmembrane
domain may be dispensible for SPE-42 function or may be
necessary only for steric purposes. The C. briggsae SPE-42
homolog’s greatest utility may be in defining domains
within SPE-42 that are essential for its function. If the C.
briggsae homolog fails to rescue the self-sterile defect in
spe-42 mutants then C. elegans/C. briggsae chimeras can
be made to determine which domains of SPE-42 are
necessary. Several nonconservative amino acid substitutions
are scattered throughout the otherwise highly conserved
large extracellular domain between transmembrane domains
3 and 4, and some of these may be important for functional
differences between the species. An especially intriguing
difference within this domain is the glycine at amino acid
379 of the C. elegans protein, which is missing from C.
briggsae SPE-42. The significance of these changes remains
to be determined.Acknowledgments
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